dodecyl sulphate/polyacrylamide-gel electrophoresis of the chloroform/methanol extract indicates that the labelled component has an apparent mol.wt. of 6000-8000. However, t.l.c. reveals the presence of only one labelled component which is lipophilic and non-protein and is distinct from the free inhibitor, mitochondrial phospholipids and the dicyclohexylcarbodi-imide-binding protein (subunit 9). 7. Inhibition of mitochondrial ATPase and oxidative phosphorylation is correlated with specific interaction with a non-protein lipophilic component of the mitochondrial inner membrane which is proposed to be a cofactor or intermediate of oxidative phosphorylation.
Trialkyltin compounds are potent inhibitors of oxidative phosphorylation (Aldridge & Street, 1964; Sone & Hagihara, 1964; Rose & Aldridge, 1972) and inhibit dinitrophenol-stimulated ATPase* activity as well as P1-ATP-exchange activity, indicating a mode of action in the ATP synthase complex similar to that of oligomycin and dicyclohexylcarbodi-imide. Binding studies by Aldridge & Street (1970) showed that the inhibitory effects of triethyltin in rat liver mitochondria can be correlated with the presence ofa highaffinity binding site.
Studies have shown that triethyltin is a potent inhibitor of the yeast oligomycin-sensitive ATPase complex in both the membrane-bound (submitochondrial particles) and purified Triton X-100-dispersed preparations (Cain & Griffiths, 1977) . Moreover, binding studies with triethyl[ 13Sn]tin have shown that the inhibitory properties are correlated with a high-affinity binding site that is present in submito-*Abbreviations: ATPase, adenosine triphosphatase; Hepes, 4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid; n.m.r., nuclear magnetic resonance; dansyl, 5-dimethylaminonaphthalene-1-sulphonyl. Vol. 166 chondrial particles (KD = 0.6pM; 1.2±0.3nmol/mg of protein) and the purified oligomycin-sensitive ATPase complex (KD = 6.9AM; 11.9nmol/mg of protein). Binding is reversible, and the triethyltin can be removed by washing, showing that triethyltin is not covalently bound. Studies on the distribution of the triethyltin-binding sites have shown that the binding sites were associated with membrane-bound components (Fo component) of the oligomycin-sensitive ATPase complex (Cain & Griffiths, 1977) . The triethyltin-binding site is not competed for by oligomycin and venturicidin, indicating separate binding sites for these inhibitors, a finding that is in agreement with biochemical-genetic studies Griffiths et al., 1975) , which indicate that the oligomycin-and venturicidin-interaction sites involve different protein components from that involved in the trialkyltin-interaction site.
The present paper describes the synthesis and inhibitory properties of a trialkyltin derivative, dibutylchloromethyltin chloride, which has a potentially reactive functional group. Dibutylchloromethyltin chloride, in contrast with triethyltin, binds in an ap-20 parently irreversible manner and behaves as a specific covalent inhibitor of mitochondrial ATPase and oxidative phosphorylation (Griffiths et al., 1977a) , which can be used as a specific affinity label for a component of the ATP synthase complex. This component is a non-protein lipophilic component of the mitochondrial inner membrane and the ATP synthase complex and has the properties of a cofactor or intermediate of oxidative phosphorylation.
Experimental

Materials
The sources of many of the materials and reagents used have been described previously (Cain & Griffiths, 1977 
General methods
Growth and isolation of yeast, isolation of yeast mitochondria, preparation and isolation of yeast submitochondrial particles, the assay of mitochondrial protein, ATPase activity and inhibitor-sensitivity ('50 values) were essentially as described by Griffiths & Houghton (1974) . A partially purified oligomycinsensitive ATPase preparation (Triton X-100 extract) and a purified oligomycin-sensitive ATPase preparation were prepared from yeast submitochondrial particles by the method of Tzagoloff & Meagher (1971) as described by Cain & Griffiths (1977) . Fl-ATPase was prepared from yeast mitochondria by the method of Tzagoloff et al. (1968) . Oxidative phosphorylation was assayed as described by Griffiths (1976a) .
Radioactive labelling of the peptides of the oligomycin-sensitive ATPase with [3H]leucine was performed as described by Tzagoloff & Meagher (1971) . Polyacrylamide-gel electrophoresis in sodium dodecyl sulphate-containing gels was carried out as described by Weber & Osborn (1969) . Radioactivity in polyacrylamide gels was determined by dissolving 1 mm slices in 1 ml of H202 (6 %, v/v) and subsequent scintillation counting in 9ml of Triton X-100 scintillant (Cain & Griffiths, 1977 (1971) . Analysis and purification of the chloroform/ methanol extract by t.l.c. were carried out as described in the Results section. Liquid-scintillation counting of organic-solvent extracts was carried out by adding 50upl portions to 1 ml of 2 % (w/v) Trition X-100 and heating until the organic solvents had evaporated. The aqueous Triton X-100 solution was then assayed for radioactivity as described previously (Cain & Griffiths, 1977) . Protein determinations in organic solvents were carried out by the Lowry method as described by Hess & Lewin (1965) .
Preparation ofdibutylchloromethyltin chloride, Bu2(CH2Cl)SnCl
The preparation ofdibutylchloromethyltin chloride was essentially as described by Seyferth & Rochow (1955) , by reaction of dibutyltin dichloride with an ethereal diazomethane solution. A solution of ethanol-free diazomethane in ether was prepared and assayed as described by Vogel (1956) , dried over Na2CO3 and stored at -70°C. Redistilled dibutyltin chloride [m.p. 40-42°C; cf. 41-420C (Poller, 1970)] had an i.r. spectrum identical with that published by Noel et al. (1956) . A 90MHz proton n.m.r. spectrum is shown in Fig. 1 (a) 
Toxic hazard
It should be noted that trialkyltin compounds are toxic (Barnes & Stoner, 1959 (Fig. 2a) . In contrast, trimethyltin has very little effect even at high concentrations. Surprisingly, the dibutyltin compound is also a good inhibitor, being one-third as potent as dibutylchloromethyltin chloride, a result which underlies the necessity of rigorously purifying the dibutylchloromethyltin chloride.
Dibutylchloromethyltin chloride is also a potent inhibitor ofmitochondrial oxidative phosphorylation, with an I50 value of6 nmol/mg ofprotein and maximal inhibition at 1 5-20nmol/mg of protein.
The yeast mitochondrial oligomycin-sensitive ATPase complex can be readily solubilized from the mitochondrial inner membrane by Triton X-100 extraction, as described by Tzagoloff & Meagher (1971) . Fig. 2 (b) demonstrates that dibutylchloromethyltin chloride inhibits the partially purified Triton X-100 extract and the purified oligomycinsensitive ATPase preparation, as was demonstrated for triethyltin (Cain & Griffiths, 1977 (Cain & Griffiths, 1977 (Cain & Griffiths, 1977) , demonstrating that the two types of binding site for triethyltin interact with the inhibitor in a reversible manner. This is not the case with dibutylchloromethyltin chloride. Table 3 is shown in (Cain & Griffiths, 1977) . The inhibition data (Fig. 2b) show that at a concentration of 1 ,uM-inhibitor (10-12nmol/ mg of protein) the ATPase is maximally inhibited. The binding curve (Fig. 3) shows that at this concentration virtually all of the inhibitor would be bound, and, moreover, 60-70 % (6-8 nmol/mg of protein) of the bound inhibitor would have reacted with the covalent interaction site. Therefore the concentration of the covalently bound inhibitor would account for the inhibitory properties. Beechey et al. (1967 ) and Cattell et al. (1970 ) have shown that the inhibitory actions of dicyclohexylcarbodi-imide in ox heart mitochondria are due to the inhibitor binding covalently to a small proteolipid of approx. mol.wt. 10000 which can be extracted from the inner mitochondrial membrane with chloroform/methanol (2: 1, v/v). The following series of experiments shows that the dibutylchloromethyltin chloride-binding component can also be extracted with chloroform/methanol (2:1, v/v). The following experiments have all been carried out on a preparation which will be termed 'labelled particles'. This preparation is produced as described above by incubating submitochondrial particles with dibutylchloro[3H]methyltin chloride (20-30 nmol/mg of protein) for 18 h at 0°C. The loosely bound inhibitor is then washed free by repeated resuspension and centrifugation in buffer. After five washes, only the covalently bound inhibitor remains. Table 5 shows that the inhibitor-labelled binding component(s) can be readily extracted from the 'labelled particles' with chloroform/methanol (2:1, v/v). In this experiment, 84 % of the radioactivity was extracted. The removal of extracted membranes from the organic-solvent phase involves filtering through glass wool and this, coupled with obvious phasepartition effects, invariably leads to some loss of the extract. However, in other experiments over 95 % of 1977 Number of washes 0 1 2 3 4 100 80 63 40 39 Table 5 . Chloroform/methanol extraction oflabelled particles Labelled particles (20mg/ml) were prepared as described in the Results section and extracted for 18h with 20vol. of chloroform/methanol (2: 1, v/v). Washing of the extract and the ether precipitation step were carried out as described by Cattell et al. (1971 the radioactivity can be extracted and in fact all of the covalent interaction sites are probably extracted.
Washing of the extract with water to remove all non-proteolipid protein removes a very small proportion of the radioactivity. The amount of protein removed by the washing procedure is variable, whereas the radioactivity removed appears to be constant. There does not appear to be a correlation between protein removed and radioactivity lost. The ether precipitation step shown in Table 5 is known to precipitate only protein (Kuntzel et al., 1975) , and Cattell et al. (1971) have shown that this procedure precipitates the dicyclohexylcarbodiimide-binding protein. Table 5 shows that 80 % of the protein is precipitated, but only 3% of the radioactivity. Other preparations have yielded similar results for the amount of radioactivity precipitated, but variable amounts of protein precipitated. Thus there is no correlation between the amount of protein and radioactivity precipitated, as would be expected if there was specific covalent labelling of a protein subunit, and, moreover, the binding component has different solubility characteristics from that of the dicyclohexylcarbodi-imide-binding protein (Cattell et al., 1970) . Nevertheless, polyacrylamide-gel coelectrophoresis of the washed extract with radioactively labelled oligomycin-sensitive ATPase subunits as molecular-weight markers showed one labelled component which moves just in front of the Bromophenol Blue dye marker and has an apparent mol.wt. of 6000-8000 (Fig. 4) , which is usually associated with the presence of subunit 9, the dicyclohexylcarbodi-imide-binding component in the yeast ATP synthase complex. However, analysis of the washed chloroform/methanol extract by t.l.c. (Fig. 5) shows that the radioactivity is associated with a single spot (RF approx. 0.8). Moreover, the dibutylchloromethyltin chloride-binding component (RF 0.8 Weber & Osborn (1969) . Preparation of the antisera precipitate from a radioactively labelled Triton X-100 extract was as described by Tzagoloff & Meagher (1971) , except that the alkali treatment was omitted; consequently subunit 9 appears as a 45000-mol.wt. component. Preparation of the labelled chloroform/methanol extract is described in the Results section. Distance from origin (cm) Figure: 1, subunit 9; 2, phosphatidylserine; 3, phosphatidylcholine; 4, phosphatidic acid; 5, cardiolipin; 6, phosphatidylethanolamine.
completely separable from the dicyclohexylcarbodiimide-binding protein or subunit 9 (RF 0.16) and common phospholipids (Fig. 5) .
T.l.c. analysis of the washed extract in two other solvent systems, propan-l-ol or light petroleum (b.p. 60-80°C)/diethyl ether/acetic acid (90: 10: 1, by vol.), also showed only one radioactive spot, which was separable from the free inhibitor and subunit 9.
The labelled component has been purified by preparative t.l.c. with two solvent systems (chloroform/ methanol/HCl/water, 6500:2500:31:360, by vol.; chloroform / methanol /17% (v/v) NH3, 2:2:1, by vol. (a) The normally irreversible inhibition of ATPase activity can be specifically relieved by dihydrolipoate (Table 6 ; Griffiths (1976a,b) ]. Lipoate, lipoamide, dihydrolipoamide, 2,3-dimercaptopropanol and dithiothreitol are ineffective. Investigations of the reactivity of dibutylchloromethyltin chloride towards dithiols with the 2,6-dichlorophenol-indophenol technique described by Aldridge & Cremer (1955) have shown that all of the dithiols used in the present study will react as rapidly with the inhibitor as does dihydrolipoate. Therefore it is unlikely that the reversal of inhibition is due to a specific 'scavenging' action of dihydrolipoate. Specific titration of a cofactor which is relieved by the addition of the cofactor or a metabolically transformed derivative ofthe cofactor is indicated.
( (Griffiths et al., 1977a) , demonstrating that it is a classical energy-transfer inhibitor similar to triethyltin, oligomycin and dicyclohexylcarbodiimide. Unlike its analogues, triethyltin and tributyltin, the inhibitory properties are the result of a covalent interaction with a component of the inner mitochondrial membrane. This labelled component is totally extractable by neutral chloroform/methanol (2: 1, v/v), and t.l.c. analysis indicates the presence of only one labelled component, which does not contain amino acids and is thus distinct from the dicyclohexylcarbodi-imide-binding protein (Cattell et al., 1970; Partis et al., 1976) . Dibutylchloromethyltin thus inhibits mitochondrial energy-transfer reactions by covalent titration of a specific lipid component of the mitochondrial inner membrane. This component has not been finally identified, but is either free lipoic acid or a readily hydrolysable lipophilic non-protein lipoic acid conjugate. As identification rests on t.l.c. analysis and reaction in a bioassay, the possibility that we are dealing with a structurally related species cannot be ruled out at present. It should be noted that other reactive dithiol species such as asparagusic acid (4-carboxy-1,2-dithiolane) have been detected in mitochondria (Yanagawa & Egami, 1976 ), but we have no analytical data at present which would indicate that we are not dealing with lipoic acid, although some t.l.c. analyses of the crude chloroform/methanol extract and the necessity for hydrolysis before bioassay would indicate that a lipoate conjugate may be present.
The specific titration by dibutylchloromethyltin chloride of a mitochondrial lipid containing lipoic acid residues, with concomitant inhibition of oligomycin-sensitive ATPase and oxidative phosphorylation, implicates lipoate residues in the mechanism of mitochondrial oxidative phosphorylation. The specific reversal by dihydrolipoate of dibutylchloromethyltin inhibition of oligomycin-sensitive ATPase activity (Table 6 ; Griffiths, 1976a,b) , the inhibition of oxidative phosphorylation by 8-methyl-lipoic acid (Griffiths et al., 1977b) , a structural analogue of lipoic acid, and the demonstration of dihydrolipoatedependent ATP synthesis (Griffiths, 1977b) , all point to a specific cofactor role for lipoic acid in oxidative phosphorylation.
The finding that dibutyltin dichloride is also a potent inhibitor of oligomycin-sensitive ATPase (Fig.  2a ) also provides supporting evidence for a role for lipoic acid. Previous work by Aldridge & Cremer (1955) showed that diethyltin dichloride reacted with dithiols and that it inhibits pyruvate oxidation in a manner similar to that shown by arsenite. Further studies in our laboratory (K. Cain, R. L. Hyams & D. E. Griffiths, unpublished work) have shown that dibutyltin dichloride has an arsenite-like mode of action on pyruvate and 2-oxoglutarate oxidation and, in addition, has an energy-transfer-inhibitory action with all substrates, which is similar to the classical energy-transfer inhibitors such as oligomycin and triethyltin.
The specific titration of mitochondrial inner-membrane lipoate by dibutylchloromethyltin chloride and the specific reversal of inhibition by dihydrolipoate indicates that this compound is a unique inhibitor probe of energy-transfer reactions in oxidative phosphorylation, which has been of key importance in identifying a lipoic acid moiety and its functional role in energy-conserving membranes.
